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Abstract 1— The shoulder is responsible for the movement of the 
entire upper limb. It is capable of articulating in three degrees-of-
freedom (DOF), enabling the arm to perform manipulation 
actions with incomparable dexterity. Exoskeletons targeting the 
shoulder must be able to emulate its complex kinematics. While 
typical architectures have proven to be useful, they employ 
complex and usually inadequate techniques to match the mobility 
of the shoulder. A new 2-DOF soft robotic shoulder exoskeleton is 
presented. Modular soft robotic actuators with separated inflation 
modules on the exoskeleton are able to emulate the humerus’ 
natural movement. These actuators were organized into two 
antagonistic pairs and operate in a parallel configuration. We 
present the design and functionality of the actuators powering the 
exoskeleton. The actuator design enables it to perform 3-D 
bending with insignificant resistance. We measured its 
performance through a series of static and dynamic tests. 
Depending on the configuration, the actuator can generate up to a 
maximum torque of 15.54 N-m and can respond with a minimum 
rise time of ~2s when excited by a step input. We demonstrated its 
ability to perform assistance of shoulder movements. It is capable 
of reaching any point on the humerus’ workspace from any 
starting position. 
I. INTRODUCTION 
The human arm is responsible for a majority of movements 
necessary for activities of daily living (ADL) [1]. As a result, 
humans are extremely reliant on their arms in order to live an 
optimal life. The humerus is the most mobile bone in the human 
body due to its ability to effectively and efficiently steer the 
human arm to perform its desired tasks [2]. It is connected to the 
thorax through the shoulder complex and is, thus, considered as 
the structural base of the entire human arm. The mobility of the 
humerus is due to the unique musculoskeletal structure of the 
shoulder complex. While it externally shows a single joint, its 
skeletal structure is composed of four joints: the scapulothoracic 
joint, the sternoclavicular joint, the acromioclavicular joint, and 
the glenohumeral (GH) joint. These joints connect the sternum, 
clavicle, scapula and humerus to form the shoulder complex. 
Although the GH joint is a ball-and-socket type of joint that is 
primarily responsible for movement [3], the 4 joints must work 
in concert in order to effectively move the humerus. Any 
amount of movement of the shoulder complex necessitates the 
coordinated motion of all joints. This synchronized motion is 
called the scapulohumeral rhythm. Failure to adhere to this 
rhythm will result in the inefficient operation of the arm and an 
eventual injury[4]. 
Exoskeletons catering to the shoulder must, therefore, 
account for the scapulohumeral rhythm. Clinical upper-limb 
exoskeletons are typically used to treat disorders that inhibit 
shoulder movement [5], [6] and, consequently, hinder a person’s 
ability to perform ADLs. Typically, these exoskeletons are 
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constructed using techniques pioneered in industrial robotics. 
Rigid electric motors are placed concentrically with the humeral 
head while rigid links are attached parallel to the humerus, 
connecting the motors to the arm. In order to account for the 
scapulohumeral rhythm, these exoskeletons must translate the 
position of the motors during shoulder movement[5]. 
Alternatively, designers also employ an additional link in order 
to account for translation of the humeral head. However, the 
addition of such a link increases the likelihood of joint 
misalignment[6]. Moreover, these designs weigh substantially 
relative to the weight of a human, which adds unwanted inertia 
to the arm and restricts the mobility of the user. 
In contrast to traditional robotic designs, soft robotics 
utilizes naturally flexible materials both as prime movers and 
structural links. This archetype of robotics behaves similar to 
continuum structures [7] as compared to a system of rigid bodies 
that typically characterize traditional robots. The distinct 
compliance and usage of non-rigid power transmission elements 
have enabled soft robots to more closely emulate the movement 
of animals. They are uniquely suited to power robotic 
exoskeletons due to their compliance, which results in the ability 
to conform to the external structure of the human body, and 
accurately follow the movement of the shoulder complex. Soft 
robots can be created in various forms, with each form having 
its own method of power transmission, such as cable-driven 
devices[8], shape-memory actuators[9], combustion[10], 
magnetism[11], and pressurized fluids[12]. Cable-driven 
exoskeletons[13] most closely mimic the structure of the 
muscular system but require accurate positioning of anchor 
points. Meanwhile, pressurized fluids, specifically compressed 
air, have proven to be a popular choice for driving shoulder 
exoskeletons. However, most fluidic exoskeletons are unable to 
provide sufficient mobility[14]–[16]. O’Neill et al constructed a 
2-DOF soft exoskeleton by performing sequential abduction and 
horizontal flexion/extension motions using two groups of 
actuators in a serial configuration. They mounted a single 
abduction actuator on the medial arm and the lateral torso which 
stiffens upon pressurization and attached 2 rotational actuators 
which rotate the abduction actuator to create the 2nd DOF [17]. 
While their exoskeleton also possesses 2-DOF, it is unclear if it 
is capable of performing reaching actions, which is essential in 
performing a variety of ADLs [18].  Moreover, their 
exoskeleton was only able to provide support to up to 55.1° in 
abduction, and 56.7° of horizontal flexion. Soft robotic 
technology has also been applied to other limbs such as the 
leg[19] and more popularly, the hand[20]. 
We present in this study a soft robotic, pneumatic, shoulder 
exoskeleton (Fig. 1) with 2-DOF that can generate assistive 
torque to any position in the humerus’ workspace starting from 
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any position. The exoskeleton is capable of performing forward 
flexion and extension, abduction and adduction, and horizontal 
flexion and extension, as well as driving the upper arm to any 
pose in between these standard positions. At the core of the 
exoskeleton is a set of modular, pneumatic bending actuators 
with separated and replaceable inflation modules based in [21], 
[22]. The actuators generate torque upon the injection of 
pressurized air. The actuators achieve modularity through the 
use of two primary components (Fig. 2-A), namely the inflatable 
modules and the spine to which they are attached. The modular 
feature of the actuator allows for the creation of distinct regions 
on each actuator – areas around the joint are designed to bend, 
while the areas along the torso and upper arm are designed to 
resist bending without generating torque. Two antagonistic 
actuator pairs are placed along the length of the humerus. Unlike 
the majority of upper-limb exoskeletons which feature a serial 
actuator configuration [17], [23], these actuators are attached in 
a parallel configuration wherein the actuators directly impart 
torque onto one side of the upper arm. The synergistic operation 
of the antagonistic pairs, coupled with the additional flexibility 
offered by separated modules, give the exoskeleton added 
mobility. We present a detailed description of the design and 
operating principle of the actuator, as well as a summary of the 
fabrication techniques utilized. Its performance was evaluated 
both statically and dynamically. The various poses of the 
actuator as a function of the input pressure, as well as its blocked 
torque was measured while configured in various positions and 
pressures. Its step response was also measured. Finally, we 
demonstrate its ability to provide assisting torque to a healthy 
user.  
II. DESIGN AND OPERATION 
The exoskeleton is powered by four actuators. The primary 
purpose of the actuators is to provide a combination of torques 
to the upper arm such that the exoskeleton can push the arm to 
any point on the anatomical workspace in one single motion. In 
order to do so, the actuators must be able to reach every point 
regardless of the starting position. Moreover, any exoskeleton, 
whether hard or soft, must not cause a significant increase in 
inertia and its center of rotation must always coincide with that 
of the humeral head. This entails that the midpoint of the 
actuators in the exoskeleton of the current study must coincide 
with the humeral head. In order to address these functional 
requirements, the actuator is composed of a fabric spine and 
fabric inflation modules. The use of pneumatics reduces the 
mass of the actuators as compared to hydraulics. Flexible 3-D 
printed structures are placed on the spine and modules which 
serve as mating and locking mechanisms (Fig. 2-A). The 
actuator is activated through the injection of compressed air. 
The maximum continuous applied pressure was limited to 
80kPa, which helps minimize safety risks. The resulting spatial 
interference between adjacent, inflated modules generates a 
bending moment that causes the actuator to generate torque. 
The torque generated by pneumatic actuators is directly related 
to their size[21], [22]. However, module sizing was restricted 
to ensure a moderate exoskeleton size that is wearable.  Other 
mechanical properties can also be modified by the size of the 
modules.  
A. Fabrication 
The spine and modules are primarily composed of a Nylon 
sheet coated with thermoplastic polyurethane (TPU) on both 
sides. Nylon is the primary structural component of the parts 
while TPU facilitates fabrication. Fabrication begins by directly 
generating 3-D printed structures onto the sheets (Fig. 2-B). The 
sheets are mounted on a fused deposition modelling (FDM) 3-
D printer (Lulzbot, Taz 6). Double-sided adhesive tape is placed 
on the perimeter of the sheets. The print bed must be heated to 
a minimum temperature of 60°C in order to ensure proper 
adhesion of the tape. The height of the nozzle is set to 0.50mm 
above the surface of the Nylon sheet. The structures are then 
printed normally using flexible TPU-based filament (Polyflex, 
Polymaker). The use of TPU-based filament is necessary in 
order to prevent delamination of the structures from the sheets 
during operation since the TPU filament bonds exceptionally 
well to the TPU coat of the sheet. The sheets are then cut to size.  
At this stage, the spines are complete and are ready for use. 
Meanwhile, the modules are further processed based on the 
technique established in [15]. A hole is drilled on the under-side 
of the module that connects the fluid path from the 3-D 
structures onto the modules. The sides are then heat-sealed, with 
the structure positioned inside as shown in Fig. 2-C. Paper-
based tape is used to cover the sealing area in order to prevent 
the TPU on the external side from sticking to the sealer. The 
module is then flipped inside-out; a third seal is placed on the 
top. When deflated, the modules resemble a rectangle with a 
single seam on the top (Fig 2-D). 
B. Modular Hybrid Fabric-Plastic Actuator 
The actuator is assembled by combining appropriate modules 
of varying lengths and widths based on mechanical 
requirements. A long groove is located on the located on the 3D-
printed spine structure, which mates with corresponding beams 
on the module structure. This pair acts as a guide so that the two 
components are properly placed. Slots are placed on the spine 
structure which subsequently mate with studs on the module. 
The studs snap into place and lock the module into position (Fig. 
2-A). A strip of industrial-grade hook fastener is placed on the 
spine. The spine is subsequently attached to a neoprene sheet 
(i.e. exoskeleton base). The modules are then attached, and 
pneumatic lines are connected to each module using 
polyethylene (PET) connectors.  The pneumatic lines start from 
a pressure regulator or valve and branch out onto the individual 
modules. Fabric straps are placed along the center of the 
modules in order to prevent unnecessary inflation along the 
covered area (Fig. 2-E). Without the straps, the middle section 
(i.e. section covered by the straps) will inflate but will not 
contribute in the generation of torque and will decrease 
actuation speed[7]. In its neutral deflated state, the adjacent 
modules fold up on the sides. The actuators behave as 
continuum structures when pressurized. The folded-up modules 
inflate and spatially interfere with adjacent modules. When 
unloaded and unattached to external structures, the actuator 
Fig 1: Front (Left) and back (Right) views of the 2-DOF shoulder exoskeleton. 
The exoskeleton is powered by 2 pairs of anagonistic, modular actuators. The 
elevation/depression pair and the steering pair are attached perpendicularly. 
  
curls into a smooth spiral shape until each module is tangential 
(i.e. barely in contact with adjacent modules) to its adjacent 
module (Fig. 2-F). The separated structure of the inflation 
modules, as well as the fabric spine and the absence of side 
seams, grants unprecedented 3-D flexibility to the actuator (Fig. 
2-G). This enables the actuator to perform tight 3-D bends while 
still maintaining its torque output in its active axis of rotation. 
The contact area (Fig. 2-H), along with the applied pressure, 
between adjacent modules is primarily responsible for the 
magnitude of the torque generated [21], [22] 
III. ACTUATOR PERFORMANCE 
The modularity of the actuators, along with the intertwined 
nature of a soft robot’s structure and mechanical characteristics 
suggest that the actuator’s performance can be altered by 
changing its module configuration. In order to gain an 
understanding of their behaviors, three actuator variants were 
constructed, with each variant having a total of eight modules 
installed. The variants differ in the size and pattern of the 
modules installed. Their geometric parameters are listed in 
Table 1. Module widths were based on the lower 5th percentile 
of female upper arm diameters for B, and the lower 5th 
percentile of male upper arm diameters for C [24]. Module 
spacing (d) was set at 25mm in order to minimize the 
discontinuity in curvature profile of the actuator. While tighter 
spacing is desired, the size of the 3-D printed locking structures 
presents a practical minimum. Alternate module patterning (i.e. 
AAAA, ABAB, ACAC) was chosen since a homogenous 
pattern induced buckling in preliminary tests. Module A was 
created as a bridging module for this purpose. The module 
lengths were then set to 65mm and 90mm to ensure sufficient 
spatial interference between adjacent modules. 
 A customized, electronic pressure regulation system was 
paired to the utilized measurement platforms for the automated 
execution of the experiments. A Teensy 3.6 (PJRC.com, LLC) 
supplied control signals to the platforms. A digital 
potentiometer (MCP41010, Microchip Technology Inc.) 
supplied DC voltage signals to the pressure regulator (ITV1031, 
SMC Corp). The output of the regulator was connected directly 
into the samples. An industrial compressor supplied compressed 
 Fig 2: (A) A CAD representation of the 3-D printed structures. (B) 3-D structures are printed directly onto fabric. (C) The modules are fabricated through heat 
sealing. After sealing the sides, the module is flipped inside-out. D) A completed spine with a completed module. The yellow and white, 3-D printed structures 
are clearly seen on the spine and module respectively. The red band on the module indicates the location of the heat-seal seam. (E) The assembled actuator. The 
spine is attached to neoprene through industrial grade hook-and-loop fasteners. Fabric straps are placed across to limit unwanted inflation at the center. (F) The 
actuator curls during inflation. The strap and neoprene are removed for clarity. At this pose, all the modules are tagential to adjacent modules.(G) The actuator 
curls into a helix through the application of external forces. Its ability to perform 3-D bending is clearly demonstrated. (H) A schematic representation of a partially 
curled actuator. A section view of 2 actuators in contact are shown. The yellow shaded area shows the contact area of adjacent modules, generated through spatial 
interference. 
  
air into the regulators at 250kPa. The flow rate into the control 
system was limited to 60 Standard Liters/min by an FMA-
A2317 (Omega Engineering Inc.) mass flow sensor in order to 
facilitate the comparison of the dynamic performance with other 
systems. The system has a bandwidth of 10 Hz. The system was 
configured to have a pressure range of 10-150kPa, with a 
resolution of 1kPa. Alternatively, it can be vented to the 
atmosphere effectively setting system pressure to 0kPa.  
A.  Experimental Platforms 
 Torque measurements were acquired on a platform that is 
capable of measuring the torque output along two axes. While 
the actuator is only capable of generating torque along its 
primary axis, it is important to quantify how much straightening 
torque the actuators can generate when forced into a 3-D pose. 
The A-A’ axis coincides with the actuator’s primary axis of 
bending, while the B-B’ axis is perpendicular to A-A’ axis. The 
actuators were placed across 2 arms – a fixed arm and a movable 
arm. The movable arm was placed on a swing plate, which was 
responsible for rotating the arm along the A-A’ axis. The 
movable arm was mounted through a pin placed on the swing 
plate, which enabled rotation along the B-B’ axis (Fig. 3-A & 
Fig 3-B); this pin served as the center of rotation of the B-B’ 
angle. Threaded indexing holes on the swing arm indexer and 
the swing plate locked the position of the swing plate and the 
movable arm, respectively. The movable arm was bolted onto 
the swing plate to set its orientation. By rotating the swing plate 
with respect to the indexer, and the movable arm with respect to 
the swing plate, the A-A’ and B-B’ angles, respectively, were 
set. A 0° A-A’ angle corresponds to a fully folded actuator while 
180° corresponds to a straight actuator. The torque measurement 
setup was meant to simulate the 2-DOF of the human shoulder 
– abduction/angle of elevation (AoE) and horizontal 
flexion/angle of plane of elevation (PoE)[25]. Four load cells 
(FX1901, TE Connectivity) were mounted and placed in 
custom-designed holders, between the swing plate and the 
movable arm; and their outputs were translated to torque by 
factoring in their distance from the center of rotation. In order to 
measure torque along the A-A’ axis, 2 load cells were mounted 
parallel to the swing plate (Fig. 3-A). The remaining 2 were 
mounted perpendicularly and were designed to measure torque 
along the B-B’ axis (Fig 3-B). Fig. 3-C shows an actual photo 
of the platform during an experiment. In the photo, the B-B’ 
angle is 30°.  
A separate platform was used to quantify the actuator’s step 
input response and static free bending output. A plastic, rigid bar 
was attached to the actuator (Fig. 4-A). An 800g weight was 
attached on the distal end in order to apply resistive torque to the 
actuator, while 2 IMUS (BN055, Bosch Inc.) were attached to 
the actuator—one on the posterior end and another on the base 
of the rigid bar. Measuring the relative position of these IMUs 
allowed us to determine the bending angle at any given moment. 
The value of 800g was chosen for the weight since it provides 
~1.4N-m of resistance at 90° and also corresponds to D1’s 
maximum torque value at 90° and 80kPa when combined with 
the length of the rigid bar. The weight was removed during the 
free bending experiments. The actuators were then hung 
vertically (Fig. 4-B). Static measurements were acquired by 
pressurizing reading measurements 30s after pressurization in 
order to ensure steady-state conditions were reached. A 60s 
period square wave, with peak-to-peak values of 0-80kPa, was 
used to perform the dynamic experiment and to ensure that 
sufficient time was provided for the actuators to reach steady 
state, where each wave starts with a pressurization input. 
Experiments were repeated 3 times and the samples were 
dismounted and remounted before each repetition. The results 
of the experiments are shown in Fig. 4. 
B. Static Behavior 
 Each actuator was able to achieve full bending (>360°) when 
excited with a pressure of 10kPa when unloaded. Any increase 
in pressure did not have any effect on its pose. Static conditions 
TABLE1. MODULE DIMENSIONS AND PATTERNING 
Module Variants Module Length (L) Module Width (W) 
A 65mm 55mm 
B 90mm 55mm 
C 90mm 65mm 
Actuator Variant Module Patterninga 
D1 AAAAAAAA 
D2 ABABABAB 
D3 ACACACAC 
 a. The installation arrangement of modules on the variants 
Fig 3: (A-B) A schematic representation of the static blocked torque measurement platform. The parts are color-coded for easy identification. The rotational axes, 
A-A’ and B’B are shown. Positive angular rotations are shown. (C) A photo of the measurement platform.  
  
where only achieved when each module was tangential to each 
adjacent module (i.e. adjacent are in point-contact).  
 Meanwhile, the torque output of the actuator at any input 
pressure was driven by the contact area the of adjacent 
modules. A consequence of this relationship is that the 
maximum torque output at any position would then be 
dependent on the available contact area. Fig. 4-A shows the 
results of each variant’s torque output as a function of A-A’ 
angle at 30° increments. The measurements were acquired by 
setting the B-B’ angle to 0° and pressurizing the actuator to 
80kPa. The actuator exerted maximum torque at 0° and 
gradually tapered off as angle A-A’ increased. Most notably, 
the rate of decrease tapered off beginning at an A-A’ angle of 
180°. Effectively, from 180° to 270°, the actuator’s torque 
output became constant. This behavior is due to the fact that 
from 0° to 180°, the torque generated is a combination of 
interference forces generated along a bigger surface area since, 
at this position, the actuators are essentially folded onto 
themselves. Meanwhile, the unfolding nature of the modules 
ensure that the contact area is constant when the actuator is 
positioned between 180° to 270°. The torque output at 80kPa 
pressure (TP) can be reliably predicted by the A-A’ angle (A) 
through (1) with no apparent overfitting. (1) is a numerical, 
exponential curve fit with parameters a, b, c, and d. The curves 
have a minimum coefficient of determination (R2) value of 
0.977.  
 TP=a*exp(b*A) + c*exp(d*A)            (1) 
 Fig. 4-B shows the output of the actuator as a function of the 
input pressure. These measurements were taken at an A-A’ 
angle of 90° and a B-B’ angle of 0°. The pressure inside the 
actuators was varied from 0-80kPa. The output has near-perfect 
linear correlation between torque and pressure. The data sets of 
all 3 variants were modeled using (2), with a minimum R2 value 
of 0.991. Similarly, (2) can be used to predict torque at any 
given A-A’ angle (TA) while f and g are the parameters for (2); 
g is typically equivalent to zero since the torque when at 
pressurized is also zero. This behavior is consistent with the 
behavior of pneumatic bending actuators[21], [22].  
 TA=f*P+g (2) 
 An increased reduction in available contact area occurs when 
the A-A’ angle and B-B’ angle change simultaneously. The 
effects of this behavior on variant D2 are shown in Fig. 4-C. In 
this measurement, the A-A’ angle was set to 90°; and the B-B’ 
angle was varied from 45° to 0° at 15° increments. This range 
of motion corresponds to that required of the majority of ADL 
tasks [18]. The actuator was then pressurized to 80kPa. An 
overall decrease in the torque output along the A-A’ axis was 
found, as the B-B’ angle was increased from 0° to 45°. 
However, the platform was not able to detect any significant 
torque output (>0.5N-m) along the B-B’ axis. This can be 
attributed to the ability of each individual module to translate 
in 3-D as well as the aspect ratio of the modules; they show 
minimal surface area along the B-B’ axis. Effectively, the 
modules reposition themselves such that there is minimal 
resistance during operation, resulting in small B-B’ torques. 
C. Dynamic Response to Step Input 
 Fig. 4-D shows the bending angle response of a weighted 
actuator; the curves presented have been averaged across the 
trials. At 0s, the square wave was fed into the actuator. The 
overall response of the actuators resembled a similar square 
wave, with an expected time delay. The presence of oscillatory 
movement was visible in the waveform. There was also 
variation in the behavior of the actuator during the course of the 
experiment, primarily attributed to the industrial compressor 
engaging its motor due to low pressure in the compressor’s 
tank. While this affects the inflow into the pressure regulation 
system, the overall effects of these variations were minimized 
by taking multiple measurements. Fig. 4-E and Fig. 4-F show 
the averaged inflation and deflation responses, respectively. 
Variants D1, D2, and D3 have inflation rise times of 4.72s, 
2.12s and 3.62s, respectively, and deflation rise times of 3.40s, 
4.42s and 1.82s, respectively. While previous designs feature 
longer deflation times, the current actuator has no discernable 
difference between deflation and inflation times [21]. This 
change can be attributed to the individualized pneumatic 
pathing that was utilized. Moreover, no discernable correlation 
was found between module sizing and response times while the 
step response resembles that of a 1st-order system with no 
overshoots.  
IV. THE 2-DOF SHOULDER SLEEVE 
The majority of the actuator is composed of nylon fabric, 
which allows for negligible bending resistance as evidenced by 
its ability to trace its full range of motion with minimal input. 
This feature, along with its soft robotic nature, ensures that the 
shoulder sleeve will have maximum mechanical transparency. 
These results also entail that the exoskeleton will be able to 
provide torque assistance regardless of the position of the 
actuators or the pressure supplied. Nevertheless, the positions 
of the actuators influence their torque outputs. The three 
variants effectively exhibit torques of 0.84 N-m, 1.54 N-m, and 
1.80N-m at 180°-270°. Load bearing actuators must operate 
Figure 4: (A) A plastic rigid bar (red outline) and a 800g weight is attached 
to the actuator for step response measurements. (B) For step response and 
static free response experiments, the actuators are hung vertically. 
  
from the 0°-90° range in order to maximize their utility. The 
actuators are able to apply maximum torque from 0°-90°, with 
variants D1, D2 and D3 exhibiting peak torques of 10.24 N-m, 
11.15 N-m and 15.54 N-m, respectively Meanwhile, they 
exhibit torques of 1.27 N-m, 4.44 N-m, and 4.66 N-m at 90°, 
the angle at which the arm imposes maximum static load on the 
actuator. These actuators would supply approximately 7%, 
24.6% and 25.8% of the torque necessary to maintain arm 
elevation of 90° for a typical, stretched, male arm with a mass 
of 3.5kg[26]. Nevertheless, users can still benefit from the high 
peak torques at low elevation angles (i.e. 0°-90°) when 
performing high velocity, dynamic movements. Moreover, 
proper use of these actuators, therefore, requires control 
systems that are able to predict their torque output based on 
their operating conditions. Equations (1) and (2) can be 
leveraged for this purpose since they are able to reliably model 
the actuator’s behavior with no overfitting. (1) and (2) can be 
combined to predict the Torque (T) at any given angle (A) or 
pressure (P). The actuator must first be characterized in order 
to obtain its fit parameters for equation (1). This should ideally 
be done at the maximum pressure of 80kPa. Since its behavior, 
with respect to varying pressures, is linear, its torque output can 
be predicted by (3) by obtaining the ratio between 80kPa and 
the desired pressure(P). 
 T=80P/(a*exp(b*A) + c*exp(d*A)) (3) 
Meanwhile, the first order behavior of the actuator suggests 
that it is feasible for use in exoskeletons; higher-order 
behaviors such as overshoot are unnecessary risks to users since 
they might apply massive forces or force the arm to a position 
outside its safe range. Some oscillation in the behavior of the 
actuator was present during the course of the experiments, 
which was expected and can be attributed to the actuator’s 
tendency to buckle when in a free state. Such a problem is not 
expected during operation of the shoulder sleeve since the 
actuators are restrained from buckling. 
The final design of the exoskeleton is intended to capitalize 
on the capabilities of the modular actuators. The base of the 
exoskeleton is a customized neoprene sleeve which acts as a 
hoop to which the spines can be attached. A loop strap is placed 
along the torso to ensure that the sleeve remains tight during 
operation. Additional adjustable straps are also placed on the 
lateral side of torso on the opposite end. Four actuators, 
configured as two antagonistic pairs, are placed on the 
shoulder, with each actuator positioned 90° from each other. 
Additional modules, positioned as to have minimum available 
contact area, are added along the upper arm. These modules 
have minute overlap and are essentially tangential when 
pressurized. They act as a means to distribute the load 
generated by the bending actuators throughout the entire upper 
arm (Fig. 5). These tangential modules bend to a somewhat 
faint degree, but the amount of curvature is negligible and they 
effectively act as straight beams. While these are not ideal, they 
nevertheless function effectively and provide a soft and 
continuous platform to transfer the torque generated by the 
actuators onto the whole upper arm. Tangential modules, as 
opposed to a stopper-like structure, were chosen in order to 
create a seamless system wherein essentially only inflation 
modules are attached to the body. A rigid stopper would be 
extremely uncomfortable for the user, while a soft-bodied 
stopper would deflect excessively upon inflation. Moreover, 
such a seamless system could easily be extended to other joints 
in the arm, such as the elbow and the wrist. However, a system 
for the entire arm is beyond the scope of this paper.  
Using hook-and-loop fasteners, the actuators can be 
specifically placed on the body of each user. The depression 
actuator starts from the base of the neck, tracing the superior 
Fig 5: (A) Torque output as a function of A-A’ angle when pressurized to 80kPa. (B) Torque output at various inflation pressures, at an A-A’ angle set to 90°. 
Solid lines represent their respective curve fits. (C) A contour plot of torque output at various A-A’angles and B-B’ angles for the D2 variant. (D) The waveform 
in response to a 60s square wave, with 0-80kPa peak-to-peak amplitudes. (E) The averaged step response during inflation. (F) The averaged step response during 
deflation. 
  
side of the humerus. The elevation actuator is placed on the 
inferior side, starting from the lateral area of the ribcage and 
extending through the armpit and the arm. Meanwhile, the 
steering actuators are placed on the anterior and posterior arm 
starting from the sternum and the spine, respectively. The 
positioning of the actuators takes advantage of their torque-
angle curve. Using this configuration, the majority of the load 
are to be handled by the elevation actuator. This actuator 
primarily operates in the 0°-90° region, which consequently is 
the region of maximum torque. Meanwhile, the other actuators 
reside in the 180°-270° region where the torque-angle 
relationship is effectively constant. Each antagonistic pair is 
responsible for each degree of freedom—one pair performs 
humerus elevation and depression, while another performs 
rotation of the humerus along the plane of elevation[25]. 
Moreover, the actuators are mounted in a parallel 
configuration. This allows the exoskeleton to distribute its force 
application throughout the entire surface area of the arm. The 
use of antagonistic actuators also negates the effect of drift 
during deflation since the agonist will be primarily responsible 
for deflating the actuator. An additional feature of the modular 
spine is that the torque output of both pairs can be combined 
such that they can trace trajectories outside a single actuator’s 
axis of rotation. This can be achieved through the simultaneous 
activation of both pairs. As a result, an exoskeleton worn by a 
user has a completely spherical theoretical workspace, centered 
on the humeral head. Realistically, the workspace is limited by 
the user’s maximum range of motion. 
 The operation of the actuators allows the humerus to trace a 
natural trajectory. From the neutral position, the humerus can 
perform shoulder abduction and adduction by activating the 
elevation or depression actuators (Fig. 5-A). The shoulder can 
also be rotated along the plane of elevation by sequentially 
activating the elevation and steering actuators (Fig. 5-B). 
Simultaneous activation of the elevation and steering actuators 
also grants the ability to perform shoulder flexion or extension 
(Fig. 5-C). A video of these movements is made available along 
with this paper. In addition to performing the basic anatomical 
movements, the controlled activation of both steering actuators 
and the elevation actuators allows the performance of reaching 
actions (Fig 5-D, Fig 5-E). Reaching movements allow the 
exoskeleton to assist the users in a wide variety of ADLs in a 
seamless manner. While these ADLs may possibly be 
accomplished using sequential humeral elevation and rotation 
of the plane of elevation, this series of motions is undoubtedly 
unnatural. Moreover, the exoskeleton was able to provide 
support throughout the entire range of motion of the shoulder 
and this mainly attributed to the minimal mechanical resistance 
of the actuator coupled with the parallel actuation configuration 
of the exoskeleton. 
V. HEALTHY SUBJECT TEST 
In order to ascertain the exoskeleton’s ability to function as 
a rehabilitative or assistive device for the human shoulder, a 
healthy, male subject (BW=71kg) was recruited. In accordance 
with the experiment protocol approved by the NUS 
Institutional Review Board (N-17-103), the participant was 
tasked to perform 3 arm motions: abduction and adduction, 
horizontal flexion and extension, and forward flexion and 
extension. The subject’s informed consent was acquired before 
the beginning of the test.  Wireless EMG sensors (Delsys, 
Trigno Wireless) were attached to the pertinent muscles: the 
anterior, lateral and posterior deltoid, the pectoralis major, and 
the infraspinatus. In order track the subject’s movement, one 
IMU (Bosch, BN055) was placed on the chest and another one 
was placed on the medial side of the upper arm. The subject 
then donned the exoskeleton. The EMGs and IMUs were 
sampled at 2000Hz and 100Hz respectively. At the beginning 
of the experiment, maximum voluntary contraction (MVC) 
levels were acquired. Afterwards, the subject was asked to 
perform arm motions under two conditions: with an unpowered 
exoskeleton and a powered exoskeleton. Each motion was 
repeated three times.  
IMU data was used to verify if the motions were performed 
correctly and was subsequently used to separate loading and 
Fig 6: The range of motion of the actuator is shown for an exoskeleton with attached D2 variants. (A) Abduction or adduction. The yellow area highlights non-
bending modules that lengthen the moment arm of the bending modules. (B) Rotation along the plane of elevation. (C) Forward flexion or extension. Alternatively, 
a combination of these movements can be performed through the combined activation of actuators.  (D-F) The exoskeleton performing reaching actions. The 
positions shown were achieved in a single motion, starting from the neutral position.  
  
unloading motions. The separated datasets were then averaged. 
EMG data was rectified, passed through a 20Hz infinite-
impulse response filter with an 80dB stopband attenuation, and 
normalized with respect to MVC. Its envelope was then 
acquired by calculating the root-mean square (RMS) envelopes 
of with a moving window length of 500 samples. The RMS 
values of each averaged and pre-processed EMG sets were then 
calculated. Table 2 shows the relative change in EMG RMS for 
the relevant target muscles across all movements. Overall, the 
data show that there is a reduction in muscle activation when 
wearing a powered exoskeleton. 
VI.  CONCLUSION 
 The exoskeleton presented in this study possesses the useful 
ability to elevate the arm to any position in a single motion. 
This emphasizes the capability of this particular exoskeleton to 
perform reaching motions. Such a device would be a useful tool 
for performing upper limb, physical rehabilitation, or to 
function as an assistive device for the shoulder. It utilizes a 
fabric, modular, pneumatic bending actuator equipped with 
separated inflation modules. Two antagonistic pairs are 
mounted in a parallel configuration through the entire 
circumference of the arm.  Each module is supplied with 
compressed air through branching pneumatic lines, which 
allows for simultaneous inflation. 3-D bending can be achieved 
due to the separated structure of the inflation modules. Torque 
is generated through the spatial interference of modules. The 
actuator possesses a linear correlation between its torque output 
and pneumatic pressure and an exponential relationship with its 
bending angle. While the torque output diminishes from 0° to 
180°, it produces constant torque values beyond this range; 
steering actuators were configured to operate between 180° to 
270°.  
The actuator behaves as a 1st-order control system when 
excited by a step input. This suggests that a simple control 
system can be implemented for steering actuators. Moreover, a 
test conducted on a healthy subject shows that the current 
exoskeleton is highly capable of aiding the shoulder.  The 
exoskeleton was able to provide support throughout the entire 
range of motion of the shoulder, reducing muscle activation by 
up to 53%. The pressure regulation system is also susceptible 
to outside disturbance, but can be remedied through the 
implementation of an adaptive control system that is capable of 
extreme disturbance rejection. Lastly, system identification can 
be performed in order to construct an efficient control system. 
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TABLE 2. RELATIVE CHANGE IN EMG RMS 
Movement Target Relative Reduction 
Abduction L 28.79% 
Adduction L 33.89% 
Horizontal Flexion PM 53.55% 
Horizontal Extension P 25.87% 
Forward Flexion A 39.73% 
Forward Extension P 52.02% 
L = Lateral Deltoid, PM = Pectoralis Major, A = Anterior Deltoid, P = Posterior Deltoid 
  
REFERENCES 
 [1] D. J. Magermans, E. K. J. Chadwick, H. E. J. Veeger, and F. C. T. 
Van Der Helm, “Requirements for upper extremity motions during 
activities of daily living,” Clin. Biomech., vol. 20, no. 6, pp. 591–
599, 2005. 
[2] C. Anders, S. Bretschneider, A. Bernsdorf, K. Erler, and W. 
Schneider, “Activation of shoulder muscles in healthy men and 
women under isometric conditions,” J. Electromyogr. Kinesiol., vol. 
14, no. 6, pp. 699–707, 2004. 
[3] G. C. Terry and T. M. Chopp, “Functional Anatomy of the 
Shoulder,” J. Athl. Train., vol. 35, no. 3, pp. 248–255, 2000. 
[4] R. M. Teece, J. B. Lunden, A. S. Lloyd, A. P. Kaiser, C. J. 
Cieminski, and P. M. Ludewig, “Three-Dimensional 
Acromioclavicular Joint Motions During Elevation of the Arm,” J 
Orthop Sport. Phys Ther, vol. 38, no. 4, pp. 181–190, 2008. 
[5] T. Nef, M. Guidali, and R. Riener, “ARMin III - arm therapy 
exoskeleton with an ergonomic shoulder actuation,” Appl. Bionics 
Biomech., vol. 6, no. 2, pp. 127–142, 2009. 
[6] C. Carignan, M. Liszka, and S. Roderick, “Design of an arm 
exoskeleton with scapula motion for shoulder rehabilitation,” in 
2005 International Conference on Advanced Robotics, ICAR ’05, 
Proceedings, 2005, vol. 2005, pp. 524–531. 
[7] B. Mosadegh et al., “Pneumatic Networks for Soft Robotics that 
Actuate Rapidly,” Adv. Funct. Mater., vol. 24, no. 15, pp. 2163–
2170, Apr. 2014. 
[8] M. Manti, T. Hassan, G. Passetti, N. D’Elia, C. Laschi, and M. 
Cianchetti, “A Bioinspired Soft Robotic Gripper for Adaptable and 
Effective Grasping,” Soft Robot., vol. 2, no. 3, pp. 107–116, 2015. 
[9] S. Seok, C. D. Onal, K.-J. Cho, R. J. Wood, D. Rus, and S. Kim, 
“Meshworm: A Peristaltic Soft Robot With Antagonistic Nickel 
Titanium Coil Actuators,” IEEE/ASME Trans. Mechatronics, vol. 
18, no. 5, pp. 1485–1497, Oct. 2013. 
[10] M. Loepfe, C. M. Schumacher, U. B. Lustenberger, and W. J. Stark, 
“An Untethered , Jumping Roly-Poly Soft Robot Driven by 
Combustion,” vol. 2, no. 1, pp. 33–42, 2015. 
[11] F. Alouges, A. DeSimone, L. Giraldi, and M. Zoppello, “Can 
Magnetic Multilayers Propel Artificial Microswimmers Mimicking 
Sperm Cells?,” Soft Robot., vol. 2, no. 3, pp. 117–128, 2015. 
[12] R. F. Shepherd et al., “Multigait soft robot,” Proc. Natl. Acad. Sci., 
vol. 108, no. 51, pp. 20400–20403, 2011. 
[13] I. Galiana, F. L. Hammond, R. D. Howe, and M. B. Popovic, 
“Wearable soft robotic device for post-stroke shoulder 
rehabilitation: Identifying misalignments,” in 2012 IEEE/RSJ 
International Conference on Intelligent Robots and Systems, 2012, 
pp. 317–322. 
[14] C. S. Simpson, A. M. Okamura, and E. W. Hawkes, “Exomuscle: 
An inflatable device for shoulder abduction support,” in 2017 IEEE 
International Conference on Robotics and Automation (ICRA), 
2017, pp. 6651–6657. 
[15] R. F. Natividad and R. C. H. Yeow, “Development of a soft robotic 
shoulder assistive device for shoulder abduction,” in Proceedings of 
the IEEE RAS and EMBS International Conference on Biomedical 
Robotics and Biomechatronics, 2016, vol. 2016–July, pp. 989–993. 
[16] T. Abe et al., “Fabrication of ‘18 Weave’ Muscles and Their 
Application to Soft Power Support Suit for Upper Limbs Using 
Thin McKibben Muscle,” IEEE Robot. Autom. Lett., vol. 4, no. 3, 
pp. 2532–2538, 2019. 
[17] C. T. O. Neill et al., “A soft wearable robot for the shoulder: 
Design, characterization, and preliminary testing,” IEEE Int. Conf. 
Rehabil. Robot., vol. 02129, pp. 1672–1678, Jul. 2017. 
[18] A. M. Oosterwijk, M. K. Nieuwenhuis, C. P. van der Schans, and L. 
J. Mouton, “Shoulder and elbow range of motion for the 
performance of activities of daily living: A systematic review,” 
Physiother. Theory Pract., vol. 34, no. 7, pp. 505–528, 2018. 
[19] A. T. Asbeck, R. J. Dyer, A. F. Larusson, and C. J. Walsh, 
“Biologically-inspired soft exosuit,” in IEEE International 
Conference on Rehabilitation Robotics, 2013, p. NSF Engineering 
Research Center for; Sensorimotor. 
[20] A. Stilli et al., “AirExGlove-A novel pneumatic exoskeleton glove 
for adaptive hand rehabilitation in post-stroke patients,” 2018 IEEE 
Int. Conf. Soft Robot. RoboSoft 2018, pp. 579–584, 2018. 
[21] R. F. Natividad, M. R. J. Del Rosario, P. C. Y. Chen, and R. C. H. 
Yeow, “A Reconfigurable Pneumatic Bending Actuator with 
Replaceable Inflation Modules,” Soft Robot., vol. 5, no. 3, pp. 304–
317, 2018. 
[22] R. F. Natividad, M. R. J. Del Rosario, P. C. Y. Chen, and R. C. H. 
Yeow, “A Hybrid Plastic-Fabric Soft Bending Actuator with 
Reconfigurable Bending Profiles,” in Proceedings - IEEE 
International Conference on Robotics and Automation, 2017, pp. 
6700–6705. 
[23] R. A. R. C. Gopura, D. S. V. Bandara, K. Kiguchi, and G. K. I. 
Mann, “Developments in hardware systems of active upper-limb 
exoskeleton robots: A review,” Rob. Auton. Syst., vol. 75, pp. 203–
220, 2016. 
[24] C. Fryar, Q. Gu, C. Ogden, and K. Flegal, “Anthropometric 
Reference Data for Children and Adults: United States, 2011–
2014,” in Vital and health statistics., Series 3., National Center for 
Health Statistics., 2016. 
[25] C. A. Doorenbosch, J. Harlaar, and D. (H. E. J. . Veeger, “The 
globe system: An unambiguous description of shoulder positions in 
daily life movements Caroline,” J. Rehabil. Res. Dev., vol. 40, no. 
2, pp. 147–156, 2003. 
[26] S. Plagenhoef, F. Gaynor Evans, and T. Abdelnour, “Anatomical 
Data for Analyzing Human Motion,” Res. Q. Exerc. Sport, vol. 54, 
no. 2, pp. 169–178, 1983. 
 
